Introduction
============

Myotonic dystrophy type 1 (DM1) is a type of inherited disorder called muscular dystrophies that shows autosomal dominant inheritance, and is caused by a cytosine-thymine-guanine (CTG) triplet expansion in the 3′ untranslated region of the dystrophia myotonica protein kinase (*DMPK*) gene on chromosome 19q13. This expansion is present in ubiquitously expressed genes and when transcribed accumulates in the nucleus as expanded CUG repeat RNA. This causes sequestration of muscleblind-like protein (MBNL) and upregulation of CUG-binding protein, resulting in altered splicing and causing various symptoms of DM1. As reported that *MBNL2* knockout mice exhibit increased rapid eye movement (REM) sleep propensity and short REM sleep latency,[@b1-ndt-14-451] the *MBNL2* gene is particularly involved in the development of central nervous system (CNS) symptoms.[@b1-ndt-14-451]--[@b5-ndt-14-451]

The major symptoms of DM1 are myotonia, progressive muscle atrophy, and muscle weakness, whereas various other organ disorders are also observed. Excessive daytime sleepiness (EDS) is frequently observed as a CNS symptom. While it was a study limited only to childhood-onset DM1, the EDS was reported in approximately half of patients.[@b6-ndt-14-451] Although EDS in DM1 patients is often accompanied by sleep-disordered breathing (SDB), it tends to persist even if noninvasive positive pressure ventilation (NIPPV) is properly used.[@b7-ndt-14-451],[@b8-ndt-14-451] Furthermore, some of the DM1 patients show REM sleep-related abnormalities, such as sleep-onset REM periods (SOREMPs).[@b9-ndt-14-451],[@b10-ndt-14-451] The EDS and SOREMPs resemble those observed in narcolepsy caused by decreased orexin (hypocretin) levels in the cerebrospinal fluid (CSF). Several studies have reported CSF orexin deficiency in DM1 patients, but the results are inconsistent. Martinez-Rodriguez et al found decreased CSF orexin levels in DM1 patients,[@b11-ndt-14-451] while Ciafaloni et al reported that CSF orexin levels in DM1 patients were not different from the control group.[@b12-ndt-14-451]

Therefore, to further elucidate the role of orexin in EDS of DM1 patients, we verify whether orexin levels of DM1 patients differ from those of patients with narcolepsy type 1 and idiopathic hypersomnia (IHS), which is a disease with normal CSF orexin levels.

Patients and methods
====================

We retrospectively analyzed data from 17 DM1 patients with EDS, 46 with narcolepsy type 1, and 30 with IHS that were previously collected to measure CSF orexin levels. All patients were Japanese. Written informed consent was obtained from all patients and/or their guardian(s). This study was approved by the ethics committee of Akita University Graduate School of Medicine.

We enrolled DM1 patients with EDS in this study and measured their CSF orexin levels ([Figure 1](#f1-ndt-14-451){ref-type="fig"}). All DM1 patients complained of EDS, but without cataplexy. The diagnosis of DM1 was clinically and genetically confirmed in all patients. The clinical types included in this study were adult-onset form or milder child-onset form, while severe congenital form was not included. Sleepiness was evaluated subjectively using the Epworth Sleepiness Scale (ESS)[@b13-ndt-14-451] for 11 DM1 patients and objectively using the mean sleep latency (MSL) from the multiple sleep latency test (MSLT) for 6 DM1 patients. The ESS scores and MSL were compared between decreased and normal CSF orexin groups (n=7 and 10, respectively). Sleep apnea was evaluated using the apnea-hypopnea index (AHI) of polysomnography (PSG) for 10 DM1 patients. In addition, other information such as clinical symptoms, duration of disease before CSF orexin measurement, body mass index (BMI), presence of SOREMPs in MSLT or PSG, whether NIPPV was used, number of CTG repeats, and brain imaging findings were collected for some DM1 patients. For comparison, we identified age- and sex-matched patients with narcolepsy type 1 and IHS who had previously undergone measurement of CSF orexin levels. The ESS scores, MSL, and AHI were obtained for these patients. All patients with narcolepsy type 1 and IHS were diagnosed according to the International Classification of Sleep Disorders -- Third Edition.[@b14-ndt-14-451]

Sleep measurement
-----------------

PSG was performed using unipolar induction electrodes including electroencephalogram (C3-A2, C4-A1, O1-A2, and O2-A1), chin electromyogram, and electrooculogram (left eye-A1, right eye-A2). Airflow was measured by airflow sensors attached to the nose and mouth using the thermocouple method. The breathing movements were recorded by band sensors attached to the chest and abdomen using the piezoelectric method. The body position, snoring, and arterial oxygen saturation were recorded by body position sensors, snore sensors, and pulse oximeters, respectively. In each hospital, recorders such as The Neurofax EEG-1524 (Nihon Kohden Corporation, Tokyo, Japan) were used. Subjects were put to bed at 9:00 pm and awakened at 6:00 am. All evaluations were based on the criteria of Rechtschaffen and Kales.[@b15-ndt-14-451] An apnea was scored when a \>90% decrease in baseline airflow that persisted for ≥10 s was observed. A hypopnea was scored when a 50%--90% decrease in baseline airflow associated with arousal, awakening, or \<3% decrease in arterial oxygen saturation was observed. AHI was defined as the total number of apneas and hypopneas per hour of sleep and was defined as severe (\>30 times/h), moderate (15--30 times/h), and mild (5--15 times/h).

MSLT was performed following PSG. MSLT naps were evaluated 4 times at 9:30 am, 11:30 am, 1:30 pm, and 15:30 pm, respectively. Sleep latency was determined by identifying the latency to either 3 consecutive epochs of stage 1 sleep or the first epoch of any other stage of sleep, and MSL was calculated from the sleep latency of each nap. SOREMPs were defined as the onset of REM sleep ≤15 min of sleep onset.

CSF orexin-A measurement
------------------------

The lumbar punctures to obtain the CSF were performed around 10:00 am to 4:00 pm. The CSF orexin-A levels were measured using a commercially available ^125^I radioimmunoas-say (RIA) kit (Phoenix Pharmaceuticals, Belmont, CA, USA) as previously described.[@b16-ndt-14-451],[@b17-ndt-14-451] The CSF orexin-A levels were determined against a known standard curve (1--128 pg/mL). For measuring, 100 μL of each sample was diluted 10 times with 900 μL of RIA buffer, and 100 μL of samples were incubated with 100 μL of provided rabbit anti-orexin-A antibody at 4°C for 24 h. Then, 100 μL of ^125^I-orexin-A was introduced and samples were incubated at 4°C for 5 days. On the third day, 100 μL of provided secondary antibody (goat anti-rabbit IgG) and 100 μL of provided normal rabbit serum were added to the mix and incubated at room temperature for 90 min. Finally, samples were centrifuged at 1,700× *g* for 20 min at 4°C and supernatants were immediately removed. The level of radioactivity left in the pellet was measured with an RIA counter. The detection limit of orexin was arbitrarily set at 40 pg/mL. The CSF orexin levels were defined as low (≤110 pg/mL), intermediate (\>110 to ≤200 pg/mL), or normal (\>200 pg/mL), since the mean CSF orexin level was \~300 pg/mL and significant differences according to sex or age have not been reported.[@b18-ndt-14-451],[@b19-ndt-14-451]

Statistical analysis
--------------------

Data were reported as mean ± standard deviation or median (25%--75%). Student's *t*-test was used to analyze the differences in the ESS scores and MSL between decreased and normal CSF orexin groups among DM1 patients. Since CSF orexin levels, MSL, and AHI did not show homogeneity of variances, the differences among patients with DM1, narcolepsy type 1, and IHS were analyzed using Kruskal-Wallis test. When the *p*-value in Kruskal-Wallis test was statistically significant, Mann--Whitney *U* test was performed to compare groups. Mann--Whitney *U* test was followed by Bonferroni post-hoc test. All analyses, along with the calculation of two-sided *p*-values, were performed using IBM SPSS statistics version 24, and the significance level was set at *p*\<0.05.

Results
=======

Seventeen DM1 patients with complaints of EDS (8 males, 9 females) and aged 14--70 years, with mean of 39±18 years, were included in this study ([Table 1](#t1-ndt-14-451){ref-type="table"}). The CSF orexin levels decreased in 7 out of 17 patients (cases 1--7). These patients were included in the "decreased CSF orexin" group while the others were included in the "normal CSF orexin" group. Four patients from the decreased CSF orexin group had low levels of orexin, including 2 undetectable levels (\<40 pg/mL), and 3 had intermediate levels. In 8 patients who had used NIPPV, their subjective complaints of EDS were not fully ameliorated following therapy, and the ESS scores and MSL were evaluated after the treatment with NIPPV. The ESS score was \>10 (mean: 13.6±4.7) in 9 out of 11 patients whose data were available. The MSL was \<8 min (mean: 9.1±6.4) in 3 out of 6 patients whose data were available. The AHI of 10 patients were: severe (\>30 times/h) in 5 patients, moderate (15--30 times/h) in 2 patients, and mild (5--15 times/h) in 1 patient, and the mean was 32.8±29.2 times/h. Three patients exhibited SOREMPs in MSLT, and 1 patient exhibited increased amount of REM sleep in all-night PSG (33.2%); however, their CSF orexin levels were all normal.

In the decreased CSF orexin group of DM1 patients, the mean ESS score and MSL were 12.3±7.3 and 11.0±12.8 min, respectively. In the normal CSF orexin group of DM1 patients, the mean ESS score and MSL were 11.8±4.0 and 8.2±3.2 min, respectively. Differences of the ESS scores and MSL between decreased and normal CSF orexin groups were insignificant among DM1 patients (*p*\>0.05).

When comparing among patients with DM1, narcolepsy type 1, and IHS, the median of the CSF orexin levels were 205 pg/mL (139, 239), 42.5 pg/mL (40, 58.8), and 292 pg/mL (242.3, 361.5), respectively. The ESS scores were insignificantly different. The MSL of patients with DM1 and IHS was significantly higher than that of patients with narcolepsy type 1. The AHI of DM1 patients was significantly higher than that of patients with narcolepsy type 1, and showed no significant difference to that of IHS patients. The CSF orexin levels of patients with DM1 were significantly lower than those of patients with IHS and significantly higher than those of patients with narcolepsy type 1 ([Table 2](#t2-ndt-14-451){ref-type="table"}, [Figure 2](#f2-ndt-14-451){ref-type="fig"}).

Discussion
==========

CSF orexin levels and sleepiness evaluations
--------------------------------------------

Sleep disturbances in DM1 patients are common and include SDB, periodic limb movement, central hypersomnia, and REM sleep dysregulation.[@b20-ndt-14-451] Approximately 87.9% of DM1 patients have been reported to experience impaired sleep or daytime sleepiness.[@b21-ndt-14-451] Since Martinez-Rodriguez et al initially observed orexin deficiency,[@b11-ndt-14-451] they postulated that EDS in DM1 patients might be caused by decreased orexin release. In contrast to their data, Ciafaloni et al reported that 17 out of 38 DM1 patients complained of EDS and found that none of the 38 DM1 patients showed decreased CSF orexin levels, which is typically associated with narcolepsy (≤110 pg/mL).[@b12-ndt-14-451]

In this study, CSF orexin levels decreased in 7 out of 17 DM1 patients with EDS. In these patients, 2 had undetectable levels (\<40 pg/mL);[@b22-ndt-14-451],[@b23-ndt-14-451] however, none of them had cataplexy and SOREMPs did not appear in MSLT in 1 patient. In addition, differences of the ESS scores and MSL between the decreased and normal CSF orexin groups were insignificant as reported by Martinez-Rodriguez et al.[@b11-ndt-14-451]

The CSF orexin levels of DM1 patients were significantly higher than those of patients with narcolepsy type 1 and lower than those of patients with IHS (considered as the control group with normal CSF orexin levels). Meanwhile, when comparing the sleepiness evaluations, the ESS score of DM1 patients was equivalent to that of patients with narcolepsy type 1 and IHS; however, the MSL of DM1 patients was significantly higher than that of patients with narcolepsy type 1 and IHS. These results suggest that the EDS reported by DM1 patients may not reflect the true sleepiness, because EDS of DM1 patients could include fatigue. Cytokines such as interleukin-6 (IL-6) are increased in DM1 patients,[@b24-ndt-14-451] and IL-6 induces the sensation of fatigue.[@b25-ndt-14-451] DM1 patients possibly experience fatigue, which is misinterpreted as EDS. Therefore, the features of the EDS reported in DM1 patients are not consistent with those of patients with narcolepsy type 1 and IHS, and orexin deficiency may not be the major factor of EDS in DM1 patients.

REM sleep dysregulation
-----------------------

In this study, 3 patients with normal CSF orexin levels exhibited SOREMPs, and 2 of them were accompanied by short MSL. Besides, 1 patient with normal CSF orexin level had increased amount of REM sleep in all-night PSG (case 11). Some DM1 patients have been reported to exhibit SOREMPs and short MSL[@b9-ndt-14-451],[@b10-ndt-14-451] and increased REM sleep.[@b9-ndt-14-451] Although the associations among CSF orexin levels, short MSL, and SOREMPs are unclear, the presence of REM sleep-related abnormalities in 4 out of 7 patients, which was confirmed by detailed PSG or MSLT findings, is interesting. Studies on the mouse model of DM1 have already demonstrated the role of MBNL2 in REM sleep dysregulation,[@b1-ndt-14-451],[@b26-ndt-14-451] and the relationship between the underlying mechanism and orexin nervous system should also be investigated.

Influence of SDB
----------------

Reports of SDB are common in DM1 patients with EDS. In this study, AHI of DM1 patients was significantly higher than that of patients with narcolepsy type 1, that is, the influence of SDB on EDS in DM1 patients could not be completely excluded. However, the EDS of DM1 patients with SDB has been reported to lack improvement even after adequate therapy,[@b8-ndt-14-451] and a considerable number of DM1 patients with EDS do not have SDB. Thus, SDB alone would not be the cause of EDS in these patients. However, methods to reduce the influence of SDB should be explored.

Limitation
----------

This study has several limitations. Firstly, the number of DM1 patients with EDS included in this study may be too small. However, since the ESS scores and MSL of decreased and normal CSF orexin groups were similar, we could not conclude that orexin deficiency was a major factor in the EDS of DM1 patients. Consequently, more number of cases and prospective studies are needed. Secondly, clinical data concerning EDS, such as the ESS scores and MSL, were not available for some of the patients. Thirdly, since the ESS scores, MSL, and AHI of DM1 patients were not evaluated both before and after the treatment of SDB, the precise degree of influence of SDB could not be assessed.

Conclusion
==========

CSF orexin levels were reduced in DM1 patients with EDS. In patients with DM1, their CSF orexin levels were not associated with the results from subjective or objective sleepiness evaluations, and features of their sleepiness seemed to differ from those of patients with narcolepsy type 1 or IHS. Although DM1 patients exhibited decreased CSF orexin levels, orexin deficiency may not be the major factor of EDS. Fatigue caused by cytokines, such as IL-6, may be perceived as sleepiness in these patients. The relationship between MBNL2-mediated REM sleep dysregulation and orexin nervous system should be investigated.
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![Flow diagram of enrollment, evaluation, and measurement performed on DM1 patients.\
**Notes:** Seventeen DM1 patients complaining of EDS were enrolled in this study. Sleepiness was evaluated subjectively using the ESS scores for 11 patients and objectively using the MSL in MSLT for 6 patients. Sleep apnea was evaluated using the AHI in PSG for 10 patients. The CSF orexin levels were measured in all DM1 patients.\
**Abbreviations:** DM1, myotonic dystrophy type 1; EDS, excessive daytime sleepiness; CSF, cerebrospinal fluid; ESS, Epworth Sleepiness Scale; MSL, mean sleep latency; MSLT, multiple sleep latency test; AHI, apnea-hypopnea index; PSG, polysomnography.](ndt-14-451Fig1){#f1-ndt-14-451}

![Box plots for CSF orexin levels, ESS scores, MSL, and AHI in patients with DM1, narcolepsy type 1, and IHS.\
**Notes:** Horizontal bars represent median levels. Since CSF orexin levels, MSL, and AHI did not show homogeneity of variances, the relationship among the clinical data of patients with DM1, narcolepsy type 1, and IHS were analyzed using the Kruskal-Wallis test. Mann--Whitney *U* test, followed by Bonferroni post hoc test, was performed to compare each group.\
**Abbreviations:** CSF, cerebrospinal fluid; ESS, Epworth Sleepiness Scale; MSL, mean sleep latency; AHI, apnea-hypopnea index; DM1, myotonic dystrophy type 1; IHS, idiopathic hypersomnia; NS, not significant.](ndt-14-451Fig2){#f2-ndt-14-451}

###### 

Summary of data from DM1 patients

  No   Age (years)   Sex   Orexin (pg/mL)   ESS scores   MSL (min)   SOREMPs                                        AHI (times/h)   NIPPV   Duration of disease (years)   BMI (kg/m^2^)   CTG repeats    Brain imaging abnormality
  ---- ------------- ----- ---------------- ------------ ----------- ---------------------------------------------- --------------- ------- ----------------------------- --------------- -------------- ---------------------------
  1    49            M     \<40             N/A          N/A         N/A                                            N/A             \+      27                            27.4            N/A            −
  2    60            F     \<40             N/A          20          −                                              59.2            −       10                            27.7            1,800--2,400   −
  3    54            F     98               15           N/A         N/A                                            71.2            \+      8                             N/A             N/A            N/A
  4    27            M     110              18           N/A         −                                              N/A             \+      −1                            20.8            1,000          −
  5    38            M     139              N/A          N/A         N/A                                            34.9            \+      23                            30.5            N/A            −
  6    51            M     171              4            1.9         −                                              19.3            \+      3                             29.4            150--250       Brain atrophy
  7    52            F     174              N/A          N/A         N/A                                            N/A             −       20                            N/A             N/A            Moyamoya disease
  8    18            M     203              N/A          N/A         N/A                                            N/A             −       2 months                      N/A             N/A            N/A
  9    18            M     205              9            10.1        −                                              8.7             −       N/A                           17.6            600            N/A
  10   16            M     225              13           N/A         N/A                                            N/A             −       16                            22.5            N/A            −
  11   63            F     235              N/A          N/A         −[\*](#tfn2-ndt-14-451){ref-type="table-fn"}   87.9            \+      9                             21.1            150            −
  12   70            F     236              16           N/A         N/A                                            N/A             \+      30                            N/A             N/A            −
  13   32            F     239              19           11.4        \+                                             0               −       13                            18.6            120            T2-HIA in temporal lobe
  14   26            F     241              16           4.4         \+                                             40.2            \+      15                            32.8            130            −
  15   14            F     256              11           6.8         \+                                             25.8            −       1                             20.8            660--1,300     Cerebellar tumor
  16   29            M     286              19           N/A         N/A                                            N/A             −       14                            24.2            N/A            N/A
  17   49            M     297              10           N/A         N/A                                            4.5             −       2                             22.5            850-1,300      T2-HIA in temporal lobe

**Notes:** To analyze the differences in the ESS scores and MSL between the decreased and normal CSF orexin groups, Student's *t*-test was used.

One patient exhibited increased amount of REM sleep (33.2%) in all-night PSG.

**Abbreviations:** DM1, myotonic dystrophy type 1; CTG, cytosine-thymine-guanine; ESS, Epworth Sleepiness Scale; MSL, mean sleep latency; CSF, cerebrospinal fluid; SOREMPs, sleep-onset rapid eye movement periods; AHI, apnea-hypopnea index; PSG, polysomnography; NIPPV, noninvasive positive pressure ventilation; BMI, body mass index; REM, rapid eye movement; T2-HIA, high-intensity area on T2-weighted magnetic resonance images; N/A, not applicable.

###### 

Summary of demographic data of patients with DM1, narcolepsy type 1, and IHS

                   DM1 (n=17)                                                                                                   Narcolepsy type 1 (n=46)                                                                               IHS (n=30)
  ---------------- ------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------
  Age (years)      39±18                                                                                                        37±17                                                                                                  30±14
  Sex              M =8, F =9                                                                                                   M =27, F =19                                                                                           M =17, F =13
  ESS scores       13.6±4.7 (n =11)[a](#tfn5-ndt-14-451){ref-type="table-fn"}                                                   16.6±4.8[a](#tfn5-ndt-14-451){ref-type="table-fn"}                                                     15.1±4.7[a](#tfn5-ndt-14-451){ref-type="table-fn"}
  MSL (min)        9.1±6.4 (n=6)[b](#tfn6-ndt-14-451){ref-type="table-fn"},[c](#tfn7-ndt-14-451){ref-type="table-fn"}           2.4±2.1[b](#tfn6-ndt-14-451){ref-type="table-fn"},[d](#tfn8-ndt-14-451){ref-type="table-fn"}           4.4±2.1[c](#tfn7-ndt-14-451){ref-type="table-fn"},[d](#tfn8-ndt-14-451){ref-type="table-fn"}
  AHI (times/h)    32.8±29.2 (n=11)[e](#tfn9-ndt-14-451){ref-type="table-fn"},[f](#tfn7-ndt-14-451){ref-type="table-fn"}        9.8±12.7[e](#tfn9-ndt-14-451){ref-type="table-fn"},[g](#tfn7-ndt-14-451){ref-type="table-fn"}          10.7±16.1[f](#tfn7-ndt-14-451){ref-type="table-fn"},[g](#tfn7-ndt-14-451){ref-type="table-fn"}
  Orexin (pg/mL)   205 (139, 239) (n=17)[h](#tfn8-ndt-14-451){ref-type="table-fn"},[i](#tfn8-ndt-14-451){ref-type="table-fn"}   42.5 (40, 58.8)[h](#tfn8-ndt-14-451){ref-type="table-fn"},[j](#tfn8-ndt-14-451){ref-type="table-fn"}   292 (242.3, 361.5)[i](#tfn8-ndt-14-451){ref-type="table-fn"},[j](#tfn8-ndt-14-451){ref-type="table-fn"}

**Notes:** Data are shown as mean ± standard deviation or median (25%--75%).

*p*\<0.05 (Kruskal-Wallis test),

*p*=0.01 (Mann--Whitney *U* test),

*p*\>0.05 (Mann--Whitney *U* test),

*p*\<0.001 (Mann--Whitney *U* test),

*p*=0.042 (Mann--Whitney *U* test).

**Abbreviations:** DM1, myotonic dystrophy type 1; IHS, idiopathic hypersomnia; ESS, Epworth Sleepiness Scale; MSL, mean sleep latency; AHI, apnea-hypopnea index.
